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Abstract: This paper discusses the characteristics of Birchwood gasification using the simulated
results of a Computational Fluid Dynamics (CFD) model. The CFD model is developed and
validated with the experimental results obtained with the fixed bed downdraft gasifier available at
the University of Agder (UIA), Norway. In this work, several parameters are examined and given
importance, such as producer gas yield, syngas composition, lower heating value (LHV), and cold
gas efficiency (CGE) of the syngas. The behavior of the parameters mentioned above is examined by
varying the biomass particle size. The diameters of the two biomass particles are 11.5 mm and 9.18
mm. All the parameters investigate within the Equivalences Ratio (ER) range from 0.2 to 0.5. In the
simulations, a variable air inflow rate is used to achieve different ER values. For the different biomass
particle sizes, CO, CO2, CH4, and H2 mass fractions of the syngas are analyzed along with syngas
yield, LHV, and CGE. At an ER value of 0.35, 9.18 mm diameter particle shows average maximum
values of 60% of CGE and 2.79 Nm3/h of syngas yield, in turn showing 3.4% and 0.09 Nm3/h
improvement in the respective parameters over the 11.5 mm diameter biomass particle.
Keywords: Birchwood gasification; computational fluid dynamics; equivalence ratio; cold gas
efficiency; syngas
1. Introduction
Among the available energy sources, biomass is envisaged to play a major role in the future energy
supplement. It produces no net carbon emission, while being the fourth largest energy source available
in the world [1–4]. Therefore, biomass has high potential in contributing to satisfy the future energy
demands of the world. Further, it is seen that for countries where the economy is mostly based on
agriculture, they can utilize the potential of biomass efficiently. To recover energy from biomass, either
thermochemical or biochemical process can be used [5–7]. The gasification process is a thermochemical
process which gives a set of gases as output, consisting of CO, CO2, H2, CH4, and N2 by converting
organic or carbonaceous materials like coal or biomass [8–10]. In gasification, several types of reactors
used, such as entrained flow, fixed bed, fluidized bed, and moving bed gasifiers [7,11–13].
The producer gas is a result of a set of endothermic and exothermic reactions. The required heat
for the endothermic reactions is provided by the exothermic reactions [11,14]. Once the steady state
is achieved, the gasifier could work in a certain temperature range. Then, the producer gas can be
obtained, as long as the fuel is being fed [14,15].
It was proven that producer gas was more versatile and useful than the biomass [16]. The quality
of the producer gas is established to be one of the most important aspects of the gasification which
should be enhanced, as it is used to generate power [11,16]. Chemical reactions inside the gasifier
consist of both homogeneous and heterogeneous reactions. There are some factors which are important
for the improvement of the gasification process such as reactor temperature, reactor pressure, the flow
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rate of the gasifying agent, and inflow rate of the biomass to the gasifier [11,17]. To evaluate gasification
characteristics of biomass, a thorough evaluation is required. With the recent development of the
computational fluid dynamics (CFD) and numerical simulations, sophisticated and robust models
can be developed to give more qualitative information on biomass gasification [17,18]. In addition,
CFD can produce important data with a relatively low cost [19]. Thus, CFD has become popular and
an often-used tool to examine gasification characteristics [18,20,21].
Previous researches on gasification process have been performed on a regular basis investigating
a broad range of parameters and variables. Most of them focused on the thermodynamics of the
process, syngas composition, energy and exergy output, effect of temperature, the efficiency of the
process, etc. [22,23]. Moreover, numerous numerical simulations have been done on the flow patterns
and turbulence, as well as the different mathematical approaches. Ali et al. [24] developed a simulation
model to discuss the co-gasification of coal and rice straw blend to investigate the syngas and cold gas
efficiency (CGE), noting an 87.5% CGE value during the work. Slezak et al. [25] discussed an entrained
flow gasifier using a CFD model to study the effects of coal particle density and size variations, where
two devolatilizationmodels were used in their work. It concluded that a higher fixed carbon conversion
and H2 could be achieved with a mix of different partitioned coal. Rogel et al. [26] presented a detailed
investigation on the use of Eulerian approaches on 1-D and 2-D CFD models to examine pine wood
gasification in a downdraft gasifier. Syngas lower heating value, syngas gas composition, temperature
profiles, and carbon conversion efficiency were investigated [26] for both models to conclude that
these methods could be used effectively in determining the above-mentioned parameters. Sharma [17]
developed a CFD model of a downdraft biomass gasifier to investigate the thermodynamic and kinetic
modeling of char reduction reactions. Further, a conclusion has been made that char bed length is
less sensitive to equilibrium predictions, while CO and H2 component, the calorific value of product
gas and the endothermic heat absorption rate in reduction zone are found to be sensitive to the
reaction temperature. Wu et al. [27] developed a 2-D CFD model of a downdraft gasifier to study the
high-temperature agent biomass gasification, and observed a syngas with a high concentration of H2
with a limited need of combustion inside the gasifier. Janejreh et al. [28] discussed the evaluation of
species and temperature distribution using a CFD model with k-" turbulence model and Lagrangian
particle models. The gasification process was assessed using the CGE. Ismail et al. [29] developed
a 2-D CFD model by using the Eulerian-Eulerian approach. Coffee husks are used as the feedstock
to model the gasification process of a fluidized bed reactor. The effect of Equivalence Ratio (ER) and
moisture content on gasification temperature, syngas composition, CGE, and HHV were discussed.
After the analysis, high moisture content of coffee husks was found as a negative impact on the CGE
and Higher Heating Value (HHV) as the ER increased. Monteiro et al. [30] developed a comprehensive
2-D CFD model to examine the potential of syngas from gasification of Portuguese Miscanthus. The
Eulerian-Eulerian approach was used to model the exchange of mass, energy, and momentum. For
the work, the effect of ER, steam to biomass ratio and temperature on syngas quality assessed. ER
was proven to be a positive impact on the Carbon Conversion Rate (CCE), where an adverse impact
was shown on the syngas quality and LHV. Further, the syngas quality and gasification efficiency was
found to be increased by the increasing temperature. In order to describe the gasification process of
three Portuguese biomasses, Silva et al. [31] developed a 2-D CFD model. A k-"model was used to
model the gas phase, while an Eulerian-Eulerian approach was used to model the transport of mass,
energy, and momentum. After the simulations, the highest CGE value was shown by vine-pruning
residues, while a higher H2/CO ratio was shown by both coffee husks and vine pruning residues over
the forest residues. Couto et al. [32] developed a 2-D CFD model using the Eulerian-Eulerian approach
to evaluate the gasification of municipal solid waste. The gasification temperature was defined to be
vastly important in syngas heating value in conclusion. In comparison to the above research works, the
novelty of this study lies in the field of the Birchwood gasification. In addition, the literature lacks the
use of 3-D CFDmodels and experiments on the effect of wood particle size on CGE. In this article, a 3-D
CFD model is developed to investigate the Birchwood gasification in a fixed bed downdraft gasifier.
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Both heterogeneous and homogeneous reactions are considered and variation of syngas composition,
syngas yield, LHV of the syngas, and CGE are measured for two sizes of feedstock, as well as for
ER. Fixed bed downdraft gasifiers have demonstrated to perform well in the ER range from 0.25 to
0.43. Therefore, in the present work, the variations of the gasification parameters are considered in the
ER range from 0.2 to 0.5 [14,15]. For the experimental work, the downdraft gasifier is used, which is
available at the University of Agder (UIA), Norway. In addition, the CFD model is developed as the
same geometry of the gasifier used for the experiments. For the validation purposes, experiments are
done with the same gasifier with one of the wood particle sizes (11.5 mm woodchip) as it is the only
biomass particle size available for the experiments. Then, with the developed simulation model, both
biomass particle sizes are simulated.
2. Feedstock Characteristics
For the study, Birchwood is used as the feedstock. The ultimate and proximate analysis results for
the Birchwood are listed down in Table 1. The data is extracted from a previous study [33], which is
done on Birchwood in the same lab and under the same conditions.
Table 1. Proximate and ultimate analysis results of Birchwood [33].
Type of Analysis Physical or Chemical Property Value
Proximate Analysis (Dry Basis)
Moisture % 7
Volatiles % 82.2
Fixed Carbon % 10.45
Ash % 0.35
LHV (MJ/kg) 17.9
Ultimate Analysis (Dry Basis)
Carbon % 50.4
Hydrogen % 5.6
Oxygen % 43.4
Nitrogen % 0.12
Sulphur % 0.017
Chlorine % 0.019
According to the analysis above, Birchwood has a lower amount of moisture in comparison to
some of the other wood types [33–35], which is an important aspect for gasification. Apart from the
moisture content, Birchwood has shown a lower amount of ash, Cl, and S, while higher values of
calorific value and volatile matter [34] has been indicated. It is obvious that Birchwood has a higher
calorific value because of the higher amount of carbon content [33]. In addition, when a biomass
consists of less ash, it can lead to a higher conversion process which has lesser slag [14]. Hence,
Birchwood has some positive characteristics in the gasification perspective. According to some of the
literature, K, Si, and Ca can have a small effect in determining gasification characteristics. However,
in this work, those are not considered as they are not measured in the ultimate analysis [36].
3. Methods
In this section, first, the experimental setup and the experimental process is described. Then,
a brief description of the equations which use for the calculations is presented. It is then followed by
the numerical study and simulation process.
3.1. Experimental Study
For the experiment, initially, about 6 kg of biomass is fed into the gasifier along with 1 kg of
charcoal. Charcoal is added to the system to help the ignition process. The simulations are also carried
out following the same procedure. The average size of the Birchwood chip which was used for the
experiments is approximately 11.5 mm ⇥ 11.5 mm. A schematic diagram of the system is shown in
Figure 1.
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Figure 1. Schematic diagram of the gasifier system [34].
The hopper is a conically shaped stainless-steel structure with a volume of 0.13 m3 and
double-walled thick walls. It has a radius of 0.5 m. Biomass is fed through this hopper, and it is
connected to an electrical shaker which can provide 15 shakes per minute (shakes/min). This shaking
process helps to reduce or avoid some common problems, such as channeling and bridging. To drain
out the condensed moisture, a drain valve is also attached to the bottom of the hopper.
The primary gasification reactor has a diameter of 0.26 m. It is 0.6 m in height. The air inlet
system consists of six same size nozzles with equal spacing among each of a 5 mm diameter, and
they are located from about 0.4 m from the bottom of the reactor. At the bottom of the reactor part,
a reciprocally oscillating grate is connected and takes out the ash to the lower part of the ash collector.
The grate is oscillating 30 s/min. To measure the weight loss during the gasification process, a mass
scale locates at the bottom of the gasifier system. In addition, two pressure sensors and five K-type
thermocouples are connected to the gasifier assembly to monitor and measure the parameters.
All the necessary experimental data is measured via a Lab view program which is specially
designed to obtain data from the gasifier system. Further, to measure the composition of the syngas,
a gas sample is sent to a gas analyzer, and throughout the experiment, changes in the composition of
the syngas output is produced by the gas analyzer.
3.2. Theoretical and Numerical Study
In this study, the effect of biomass particle size and ER on the behavior of gasification parameters
is examined using Birchwood as the feedstock. Thus, the variance of producer gas composition,
producer gas yield, LHV of the syngas, and CGE is mainly assessed on two different values of biomass
particle sizes.
Although downdraft gasifier demonstrates better performances at the ER ratio of 0.25, acceptable
performances showed even close to the ER value of 0.43 [33,37]. Therefore, ER value range from 0.2 to
0.5 is selected in this study to investigate the best performance. ER is calculated using the following
expression Equation (1) [8,15].
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ER =
Actual air fuel ratio
Stoichiometric air fuel ratio
(1)
here, the actual air-fuel ratio is calculated from the actual values measured from the experiment, while
the stoichiometric air-fuel ratio is determined using Equation (2).
CHaOb + x(O2 + 3.76N2)! yH2O+ zCO2 + 3.76xN2 (2)
where a and b can be determined using the results of the ultimate analysis of the biomass (Birchwood).
Here, y and z represent the stoichiometric coefficients of H2O and CO2, respectively, while x represent
the stoichiometric coefficient of O2 and 3.25 times of the N2 amount. Further, the other parameters are
calculated using the following Equation (3) to Equation (5) [33,38–40].
LHVsyngas = ((25.7⇥H2) + 30⇥CO+ (85.4⇥CH4))⇥ 4.21000 (3)
Since the Hydro-Carbons (HC) higher than CH4 are not considered for this study, they have not
been used to calculate LHVsyngas.
Producer gas yield
 
Vsyngas
 
=
(Qair ⇥ 79)
N2 ⇥mb (4)
Cold gas efficiency (CGE) =
LHVsyngas ⇥Vsyngas
LHVbiomass
⇥ 100 (5)
where LHVsyngas represents the dry base lower heating value of the syngas in MJ/Nm3, Vsyngas
represents the syngas yield Nm3/kg feed stock, Qair represents the air input in Nm3/h, mb represents
the biomass input in kg/h, LHVbiomass represents the lower heating value of the feedstock in MJ/kg,
and N2 represents nitrogen mass fraction of the output gas.
In the simulation model, a spherical particle is used for modeling. Hence, spherical particles
with a diameter of 11.5 mm (available wood chip size in the lab) and 9.18 mm are utilized for the
simulations (a spherical particle which has the same surface area as an actual wood chip, with a
diameter of 9.18 mm consider here).
In the presented work, the STAR CCM+ software package is used for the modeling and simulation.
A 3D geometric model of the actual gasifier is designed to create the computational model. For the
gasifier model, 0.01m mesh is used, while in the air inlets and air-fuel mixing region, a 0.001 m mesh
has been used. Figure 2 shows the customized meshfor the gasifier (0.01 m) and for air inlets (0.001 m).
Figure 2. Meshed gasifier geometry and customized mesh at air inlets.
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A segregated flow model is implemented to solve the transport equations. In addition, the
Lagrangian particle modeling method is used to model the particle behavior (solid phase).
3.2.1. Assumptions
The underlying assumptions of the modeling process are summarized as follows:
• Steady flow is considered inside the gasifier.
• The flow inside the domain is considered as incompressible and turbulent.
• Spherical particles are used.
• Evenly distributed particle regime is utilized.
• The No-slip condition is imposed on inside wall surfaces.
3.2.2. Eulerian-Lagrangian Method
Reynolds averaged Navier-Stokes (RANS) equations are solved using a Eulerian-Lagrangian
reference frame to solve the numerical scheme. The gas phase is considered as a reacting gas phase,
and Lagrangian particle models are used to address the solid (particle) phase. Standard k-"model is
used for turbulence modeling. In addition, both finite rates of chemical reactions and eddy dissipation
rates are used in the computational model. Moreover, for the modeling work, the conservation
equations for transport of energy, momentum, and mass are used (Appendix A). Also, the default
sub models available for moisture evaporation, devolatilization and char oxidation are employed
(Appendix A). In the Eulerian-Eulerian approach, gas phase, as well as the solid phase, is considered as
continuum [41]. In the Lagrangian approach, usually a large number of particles are tracked transiently.
The method is started by solving the transient momentum equation for each particle. In order to
calculate the trajectory of a particle, Newton’s second law is used and written in a Lagrangian reference
frame [41–44]. Momentum balance for particles is described in Equation (6),
mp
dVp
dt
= Fs + Fb (6)
where Vp represents the velocity of the particle, mp is the mass of the particle, and t is time. Fs and Fb
represent the surface force and body force, respectively. When these forces are observed in depth, each
of them is a composition of few forces available in the system. The following Equations (7) and (8)
describe the two forces.
Fs = Fd + Fp + Fvm (7)
Fb = Fg + Fu (8)
where Fd, Fp, and Fvm represent the drag force on the particle, pressure force as a gradient in the static
pressure, and the extra virtual mass added while the acceleration in the phase, respectively. Fg and
Fu represent the gravitational force and the user defined force added to the system, respectively. In
addition, the drag force can be defined as follows in Equation (9).
Fd =
1
2
CDrAp|Vs|Vs (9)
where CD is the drag coefficient, r is the density, Ap represents the surface area of the particle, and Vs
is the slip velocity of the particle.
Using the Nusselt number (Nup), the heat transfer coefficient can be found for the Lagrangian
particle, which is the energy model for the Lagrangian particle. This is shown in Equation (10),
hp =
Nup
Dp
·k (10)
Energies 2017, 10, 1232 7 of 19
where k has represented the thermal conductivity of the phase and Dp is the particle diameter. Nusselt
number (Nup) is expressed in the following Equation (11), where it is calculated by the Ranz-Marshall
correlation and presented below in Equation (12).
Nup = 2
✓
1+ 0.3Re
1
2
p Pr
1
3
◆
(11)
where Re represents the Reynolds number, while the expression Pr expresses the Prandtl number [45,46].
Nu = h
dp
k
= a+ cRemPrn (12)
where h is the heat coefficient, dp is the particle diameter, k represents the thermal conductivity of
the gas, Re is the Reynolds number, and Pr represents the prandtl number. The letters a, c, m, and
n are numerical constants which are determined by the flow field. According to the Ranz-Marshall
correlation, at a fluid velocity (V) equal to zero, the heat transfer can only be affected by conduction.
therefore, the values of a, c, m, and n become 2, 0.6, 0.5, and 0.33, respectively [47].
3.2.3. Reactions Modeling
In this work, the following approach is used to simulate the gasification process. This method
has been used by [8,48]. In this study, it is assumed that the moisture is evaporated completely in the
drying phase [49].
Biomass (wet)! Biomass (dry) +H2O (steam) (R1)
In the pyrolysis phase, the Biomass (dry) is converted into char, tar, ash, and volatile matter [49,50].
Biomass (dry)! volatiles+ char+ atar+ ash (R2)
where, a is the stoichiometric coefficient of tar.
Here, the volatile matter is described as follows. It is assumed that the volatile matter consists of
only CO, CO2, H2, and CH4.
Volatile! a1CO+ a2CO2 + a3H2 + a4CH4 (R3)
where, a1, a2,a3,, and a4 are the stoichiometric coefficients of CO,CO2, H2, and CH4 respectively.
The following method is used to calculate the mass distribution in volatile matter and mass
fractions in dry biomass. For the calculations, the data available in Table 1 is used. These values can be
used to combine with the ultimate analysis. In this method, a set of linear equations is used to solve
the C, O, and H components balance in the system [8,48].
12
28
x+
12
44
y+
12
16
z = YC,vol = 0.449 (13)
16
28
x+
32
44
y = YO,vol = 0.488 (14)
4
16
z+ w = YH,vol = 0.063 (15)
here, x, y, z, and w are unknown mass fractions of CO, CO2, CH4, and H2, respectively in volatile
species after devolatilization. YC,vol , YO,vol , and YH,vol are, respectively, the mass fractions of C, O, and
H in biomass volatile.
In the above equations, the coefficients are the ratios of molar mass of each atom to the molar
mass of each species. (As an example, in Equation (15), 416 =
MH
MCH4
). Here, with the molar masses,
the numerical values are rounded up for the simplification of the calculations. For finding the mass
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fractions YC,vol , YO,vol , and YH,vol , the following method is used along with the data from the ultimate
analysis of the biomass.
Volume fraction = YC total  YC f ixed +YO +YH = 0.89 (16)
YC,vol =
YC total  YC f ixed
Volume fraction
= 0.449 (17)
YO,vol =
YO
Volume fraction
= 0.488 (18)
YH,vol =
YH
Volume fraction
= 0.063 (19)
According to the mass conservation,
total mass before devolatilization mass of fixed carbon = total mass after devolatilization
Thus, according to the above criteria,
x+ y+ z+ w = YC,vol +YO,vol +YH,vol = 1 (20)
The ratio between CO and CO2 is temperature dependent. In this study, the ratio has been
determined as 2.43 according to [8]. For the calculations, the bed temperature is used as 907 K, which
was obtained during the experiments. Below Equation (21) is used to determine the connection
between CO and CO2 at 907 K.
x
y
= 2400e (
6234
T ) (21)
x
y
= 2.43 (22)
The linear equations from Equation (9) to Equation (15) are solved using the MATLAB program, and
the following values are obtained from the program.
x = 0.5605
y = 0.2306
z = 0.1945
w = 0.0144
According to the above results, 1 kg of volatile matter produce devolatilized products according
to the following expression.
1kgvol ! 0.5605kgCO + 0.2306kgCO2 + 0.1945kgCH4 + 0.0144kgH2 (23)
Using the following molar mass values, the above Equation (23) can be used as a molar based equation.
MCO2 = 44.008 kg/mol, MCO = 28.009 kg/mol, MCH4 = 16.042 kg/mol, MH2 = 2.016 kg/mol
1kgvol ! 0.02CO+ 0.00524CO2 + 0.0072H2 + 0.0122CH4 (24)
Therefore, according to the following (R4), the devolatilization of the volatiles is modeled.
0.0375CH1.69O0.81 ! 0.02CO+ 0.00524CO2 + 0.0072H2 + 0.0122CH4 (R4)
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Based on the above devolatilization reaction (R4), the gasification process is modeled. In addition,
for the modeling work, the following homogeneous and heterogeneous reactions are considered [8,28,51].
Water-gas shift reaction:
CO(g) +H2O(g) $ CO2(g) +H2(g); DH = +41.98 kJ/mol (R5)
Methanation reaction:
CO(g) + 3H2(g) $ CH4(g) +H2O(g); DH =  227 kJ/mol (R6)
Dry reforming reaction:
CH4(g) +CO2(g) $ 2CO(g) + 2H2(g); DH =  793 kJ/mol (R7)
Steam reforming reaction:
CH4(g) +H2O(g) $ CO(g) + 3H2(g); DH = +206 kJ/mol (R8)
mbustion reaction:
C(s) +O2(g) ! CO2(g);DH =  408.8 kJ/mol (R9)
Boudouard reaction:
C(s) +CO2(g) ! 2CO(g); DH = +172 kJ/mol (R10)
Water-gas reaction:
C(s) +H2O(g) ! CO(g) +H2(g); DH = +131 kJ/mol (R11)
Hydrogasification:
C(s) + 2H2(g) ! CH4(g); DH = +75 kJ/mol (R12)
Carbon partial reaction:
2C(g) +O2(g) $ 2CO(g); DH =  246.4 kJ/mol (R13)
4. Results and Discussions
In this section, the computational model validation is conducted by comparing the available
experimental data and numerical simulation results. Moreover, the comparison of the two sizes of
biomass particle sizes is carried out using the gasification characteristics.
4.1. Development of Mass Fractions of Considered Gases in the Syngas
A specially designed lab view program was used to measure all the gas component mass fractions
throughout the experiment. From the obtained data, the variation of the mass fractions of the gas
components during the experiment is presented below in Figure 3. For the tests, a biomass woodchip
with an average size of 11.5 mm ⇥ 11.5 mm is used, which is available in the laboratory.
In the simulation model, for two iterations, one data point has been recorded. 600 iterations
are used in the simulations, and 300 data points are recorded throughout the simulation. Using the
obtained data points gas component mass fractions are graphed in Figure 4. For the simulations,
two types of wood particle sizes are used. One of them is 11.5 mm in diameter, while the other is
9.18 mm in diameter. Below, Figure 4 was obtained using 11.5 mm diameter wood particle.
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By comparing Figures 3 and 4, it shows the fluctuation in gas components mass friction in the
simulatio values, whereas in the experiment, it shows smooth variation. It can be due to the fact that
the interval between wo ata points are bigger. Howev r, an average value is used to plot graphs.
Th data obtained from the model is lso compared with som of the data collected from the
literature (Study 1 [52], and Study 2 [53]), as well as with the data achieved during the experiment of
the present work. Figure 5 shows the comparison of the predicted data along with the experimental
data. According to the graph, predicted data shows good agreement with the literature and
experimental data.
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4.2. Effect of ER and Biomass Particle Size on Quality of Producer Gas
The variation of gas components in producer gas in both experiments and simulation models is
illustrated in the following Figure 6. For the simulations, a biomass particle with a diameter of 11.5
mm and a biomass particle with a diameter of 9.18 mm were used. (The change of gas component
contours in various ER values are illustrated in Appendix A (Figures A1–A3)).Energies 2017, 10, 1232  11 of 20 
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According to Figure 6, mass fractions of CO and CO2 are increased w n the ER is i creased up
to a certain level (ER = 0.2 to 0.35). Then, ER contributes to a reduction of the mass fraction of CO,
while further increasing CO2. This can be a result of the combined effect of Combustion reaction (R9),
Boudouard reaction (R10), and Carbon partial reaction (R13). Therefore, in lower ER values, (R10)
tends to produce more CO to the system at the expense of CO2, while in high ER values, (R9) and (R13)
convert more CO into CO2 [2].
Rgearding CH4 and H2, increasing ER is effected on a decrease in both gas species. Nevertheless,
H2 is varied in a higher mass fraction range than of CH4. This is mainly due to the effects of dry
reforming (R7) and steam ref rming (R8) reactions, which produce more H2 o the system at the
expen e of CH4.
Since a variable air inflow rate is used in the experiments, an average value of the air inflow rate
is used for the calculation of ER values. However, a fixed air inflow rate is used in the simulations.
Therefore, the impact of variable air inflow may have caused the deviation in the graphs of the
experimental and simulation data. In the simulations, spherical shape wood particles are used, while
wood chips with different shapes are used for the experiments. The difference of behavior of spherical
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wood particle and divergement shaped wood chips can also create the inequalities in the graphs. In
addition, during the experiments, channeling and bridging can also have taken place [7]. The effect of
that phenomenon may have also affected the experimental results.
According to Figure 6, all the considered gas component mass fractions, except H2, are increased
for the 9.18 mm wood particle over 11.5 mm wood particle. This pattern can be found in some of the
literature [54,55]. When the particle size is getting smaller, the area to volume ratio of the wood particle
is increased. This can result in an increased contact with the reactants [54–56]. Hence, the reaction
rates can be increased and gasification reactions can also be improved. Further, the enhancement of
hydrogasification (R12) is crucial for the behavior of the gas component mass fractions. When the
biomass particle is getting smaller, it can enhance the reactivity and produce more CH4 with R12.
4.3. Effect of Equivalences Ratio (ER) and Biomass Particle Size on Syngas Yield, Lower Heating Value (LHV),
and Cold Gas Efficiency (CGE)
Figure 7 shows the variation of syngas yield, LHV and CGE of the syngas as a function of ER.
According to Figure 7, the behavior of syngas yield could be an effect of higher volatilization [28].
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During the simulations, both biomass particles are evaluated in the same ER range. However, the
gas yields with two separate sizes of biomass particles have shown a difference. This difference of
syngas yield should be due to a different conversion. For the context of LHV of syngas, increasing ER
has shown a positive effect within the r nge from 0.2 to 0.35. It is evident that, as the gas species mass
fractions in rease, LHV of syngas increases as well.
According to Figure 7, the small r particle size has resulted in a significant increm nt of the LHV
of the gas, although it has followed the same variation along the ER range as the bigger biomass
particle. The increment of LHV can be mainly due to the increment of CH4 with the smaller biomass
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particle. As mentioned before, LHV is a direct function of combustible gas species, and CH4 has the
highest contribution for the LHV among the gas species.
For CGE, a positive effect of increasing ER is observed from 0.2 to 0.35 of ER. Within this ER
range, CGE could have been improved by increasing airflow. Increasing airflow (increasing ER) can
contribute to creating a high composition of combustible gas species in syngas by enhancing the
reaction chemistry of homogeneous and heterogeneous reactions. Therefore, as the gas species are
increased up to 0.35 of ER, so does the CGE. As the gas species have shown a decrement in the mass
fractions in the ER range from 0.35 to 0.5, CGE has also shown a decrement in its value. With more O2
input to the system, the system can move towards combustion rather than gasification. This can be
a result of the reduction of CGE after the ER value of 0.35. According to the graph in Figure 7, with
the 9.18 mm biomass particle, CGE has shown an average maximum value of 60% at ER value of 0.35,
compared to an average maximum value of 56.63 % with 11.5 mm diameter biomass particle.
For both particle sizes, same ER range is considered. Hence, an increase of LHV, syngas yield, and
combustible gas spices in syngas with smaller biomass particle could be the reason for the increase of
the CGE.
4.4. Temperature Profile
Temperature profile inside the gasifier in the simulationmodel is illustrated in Figure 8. In Figure 9,
the temperature values recorded in the experiments and the simulation model are demonstrated in
a graph. Figure 8 is mainly used to help understand the actual placement of the thermocouples. In the
simulation model, seven temperature measurements are taken along the mid-axis, which is shown
in Figure 9. However, in the experimental setup, only four thermocouples are available. Hence, to
develop the curve, those four temperature measurement values are used. According to Figure 9,
the maximum temperature is shown close to the air inlets in both experimental and simulation setups.
In the experimental setup, the thermo couples are placed on the gasifier wall. Hence, the actual
temperature can be slightly higher than what it is shown here.
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5. Conclusions 
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Appendix A
Appendix A.1. Conservation Equations
In order to develop the numerical model, conservation equations have been used, along
with some other important equations. The equation for mass conservation is presented below in
Equation (A1) [39],
∂r
∂t
+
∂rvi
∂xi
= 0 (A1)
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where r is the density of the fluid, is the velocity tensor in the compact form in Einstein notation,
t represents the time, and xi represents the special first order tensor.
The momentum conservation equation is:
r
∂ui
∂t
+ ruj
∂ui
∂xj
= rgi  rP+ ∂∂x

µ
✓
∂vi
∂x
+
∂vj
∂x
◆ 
(A2)
where r is the density of the fluid and gi is the gravity force. P represents the pressure, while the
dynamic viscosity is represented by µ.
The energy equation is presented below in Equation A3 [57],
r
✓
∂h
∂t
+ ui
∂h
∂xi
◆
=
∂P
∂t
+ ui
∂P
∂xi
+
∂
∂xj
(krT) + t0ij
∂ui
∂xj
(A3)
where r represents the density of the fluid P represents the pressure, k represents the thermal
conductivity, and t0ij represents the viscous stress tensor.
Appendix A.2. Submodels
Appendix A.2.1. Two Ways Coupling
When the Lagrangian particles are relatively smaller, a one-way coupling model is used, since
the heat transfer and drag force are the only things which affect through continues phase. However,
once the particle size is much larger compared to the volume cells, then a more advance model has
to be introduced. Once the two-way coupling is used, an active particle or the Lagrangian phase can
exchange mass momentum and energy with fluid phase [58–60].
Appendix A.2.2. Coal Combustion Model
Coal combustion model is a set of sub models consist of moisture evaporation, two step
devolatilization, and char oxidation models. Thus, in the following part, each of these models will
be discussed.
Appendix A.2.3. Moisture Evaporation Model
The evaporation model has been built on a small assumption. It assumes the moisture has covered
the whole particle with a thin film. According to that, the moisture has to be evaporated before the
volatiles are released because moisture is at the outermost layer. In this model, there are no properties
associated. Here, the Ranz Marshall correlation has been used to calculate the relevant Nusselt and
Sherwood numbers. In order to formulate this model, the Quasi-Steady single component droplet
evaporation model has been applied to a water droplet [61].
Appendix A.2.4. Devolatilization Model
In order to simulate the volatile release from the coal particles, a devolatilization model has to
be used. In STAR CCM+, there are two devolatilization models that can be found: the single step
devolatilization model and two step devolatilization models [46]. In Equation (A4), the devolatilization
model for n steps has been shown.
rawcoal
kpn! VMpa(g) +
 
1 VMpa
 
(Char)p (A4)
In the above equation, (Char)p represents the amount of char in the particle, while VMpa represents
the volatile matter in the proximate analysis. The kinetic rate for the above equation is shown in the
below Equation (A5).
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rvpn = kpnVMpagcp (A5)
here, kpn represents the reaction rate constant of the devolatilization reaction, and gcp is the coal mass
fraction from the proximate analysis. Thus, the reaction rate constant kpn is expressed in the following
Equation (A6).
kpn = Apn exp
✓
  Epn
RTp
◆
(A6)
Epn represents the activation energy of the nth reaction for the particle and Apn is the
pre-exponential factor for the reaction. Tp is the particle temperature, while R is the universal gas
constant. For the modeling work a single step devolatilization model is used. Hence, the pre-exponent
factor A = 6⇥ 1013 s 1 and activation energy of E = 2.5⇥ 108J/kg mol is used for the study, which
are generally used as the pre-exponent and activation energy values for wood [62].
Appendix A.3. Figures
In the following Figure A1, change in CO contours against various ER values are shown.
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